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Abstract

The isochoric heat capacity of a (0.7367 mole fraction) CO2 + (0.2633 mole fraction)n-decane mixture was measured in a range of
temperatures from 362 to 577 K, at nine near-critical liquid and vapor densities between 298 and 521 kg m−3 by using a high-temperature,
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igh-pressure, nearly constant volume adiabatic calorimeter. The measurements were performed in both one- and two-phase regio
he vapor + liquid coexistence curve. Uncertainties of the heat capacity measurements are estimated to be 2% (in this work we us
actor k= 2). The uncertainty in temperature is 10 mK and that for density measurements is 0.15%. The liquid and vapor one- (C′

V1, C
′′
V1)

nd two-phase (C′
V2, C

′′
V2) isochoric heat capacities, temperatures (TS) and densities (ρS) at saturation were extracted from the experime

ata for each filling density. The critical temperature (TC = 509.71± 0.2 K), the critical density (ρC = 344.7± 5 kg m−3), and the critica
ressure (PC = 15.37± 0.5 MPa) for the (0.7367 mole fraction) CO2 + (0.2633 mole fraction)n-decane mixture were extracted from isoch
eat capacity measurements using the well-established method of quasi-static thermograms. The observed isochoric heat capa
ritical isochore of the CO2 +n-decane mixture exhibits a renormalization of the critical behavior ofCV unlike that of the pure componen
he ranges of conditions were defined, on theT–x plane for the critical isochore and theρ–x plane for the critical isotherm, for which w
bserved renormalization of the critical behavior for isochoric heat capacity. The Krichevskii parameter for this mixture was calc
sing the critical loci for the mixture and vapor pressure data for the pure solvent (CO2), and the results are compared with published va
2004 Elsevier B.V. All rights reserved.
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. Introduction

Industry continues to widely exploit the anomalous prop-
rties of supercritical fluids[1–3]. Supercritical fluids are
f fundamental importance in geology and mineralogy (for
ydrothermal synthesis), in chemistry, in the oil and gas

ndustries, and for some new separation techniques, espe-
ially in supercritical fluid extraction. Supercritical fluids
ave also been proposed as a solvent or reaction medium

� Contribution of the National Institute of Standards and Technology, not
ubject to copyright in the United State.
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for a number of technological applications including c
conversion, organic synthesis, destructive oxidation of
ardous wastes (SCWO processes), enhanced oil recove
tivated carbon regeneration, formation of inorganic films
powders, supercritical chromatography, organic reaction
modification and precipitation polymerization[1–3]. Super
critical carbon dioxide is widely used as a solvent in su
critical fluid extractions and supercritical fluid chromatog
phy [4–7]. A supercritical carbon dioxide solvent has b
proposed for a number of separation and reaction proc
[7,8].

The thermodynamic properties of CO2 +n-decane mix
tures are of interest to the petroleum and natural gas ind
primarily because of the growing interest in the extrac

896-8446/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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of viscous, low volatility compounds with supercritical CO2
in tertiary oil recovery and new separation techniques. Near-
critical and supercritical carbon dioxide has been used as a
miscible flooding agent that promotes miscible displacement
of hydrocarbons from underground reservoirs[9]. To improve
our understanding of the mechanism of the process of mis-
cible displacement of reservoir oils by carbon dioxide injec-
tion (oil recovery enhancement) and control those processes,
a better knowledge of model systems would be helpful. Since
n-decane is a typical component of petroleum, and is available
as a high-purity ambient-temperature liquid, it makes a good
choice for a model system. Precise measurements are needed
to establish the behavior of the thermodynamic properties of
CO2 +n-decane mixtures. Although our understanding of the
thermodynamic properties of CO2 and binary (CO2 + solute)
systems at ambient conditions has improved significantly, it
is far from sufficient to accurately predict the behavior of
(CO2 + solute) systems for the near-critical and supercritical
conditions that are currently of great scientific and practi-
cal interest. Therefore, to use supercritical CO2 effectively, it
will be necessary to know the thermodynamic properties of
CO2 + solute mixtures at supercritical conditions.

In addition, an important theoretical question is centered
upon near-critical and supercritical phenomena in systems
for which one of the components is near its critical point
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state. Thus, in this work we reportCVVTxproperties of a mix-
ture of (0.7367 mole fraction) CO2 + (0.2633 mole fraction)
n-decane measured using a high-temperature, high-pressure,
nearly constant-volume adiabatic calorimeter in the temper-
ature range between 362 and 577 K and the density range
from 298 to 521 kg m−3. Previously, we reported the iso-
choric heat capacity of the pure components CO2 [14,15]
andn-decane[16] in the near-critical and supercritical re-
gions. The same apparatus was used to measureCV for the
CO2 +n-decane mixture. Prior to this work, thermodynamic
properties of CO2 +n-decane mixtures have been reported
[17–23].Table 1shows the available thermodynamic data sets
for CO2 +n-decane mixtures. In this table, the first author and
the year published are given together with the method em-
ployed, the uncertainty indicated by the authors, and the tem-
perature, pressure, and concentration ranges. As expected, ex-
perimental isochoric heat capacity data for CO2 +n-decane
mixtures were not available in the literature. Most of the
availablePVTx and VLE data cover only limited ranges
of temperature, pressure, and concentration. Thus, the pri-
mary objective of this work was to expand the existing ther-
modynamic database for the CO2 +n-decane mixtures. The
available experimental critical curve data sets are given in
Table 2. A brief synopsis of the different data sets is given
below.
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10–12]. For example, there is great theoretical interes
egatively or positively diverging solute partial molar prop

ies (V̄∞
2 , H̄∞

2 , C̄∞
P2) in the immediate vicinity of the solvent

ritical point and path-dependence of the solvent prope
n near-critical systems[10–12]. The critical region behav
or of CO2 +n-decane mixtures is also of theoretical inter
or example, to determine hown-decane molecules affect t
ritical region behavior of carbon dioxide or to examine c
equences of the isomorphism principle on the critical re
ehavior of CO2 +n-decane mixtures. The shape of the c

cal locus curve is of great importance for studying the
ritical behavior of mixtures, since the shape of the cri
ocus is very sensitive to differences in molecular size an
eractions of the components. Binary mixtures of CO2 with
-alkanes belong to three different types in the well-kn
lassification by van Konynenburg and Scott[13]. In this
cheme, the systems CO2 + (C2 to C4) are type I, CO2 +n-C8

s type II, and CO2 +n-C16 is type III. This illustrates th
ossible complexity that can be observed experimentall
inary mixtures of this class.

Published measurements of the thermodynamic pr
ies of CO2 +n-decane are scarce. Furthermore, repor
aloric properties, in particular the isochoric heat capa
f CO2 +n-decane mixtures, are unknown. Thus, the m
bjective of this work is to provide new reliable experim

al isochoric heat capacity data for CO2 +n-decane mixture
n the critical and supercritical regions. Due to a scarcit
xperimental (PVTxandCVVTx) data, it is not yet possib
o understand the effect of the solvent’s critical region p
rties on the thermodynamic behavior of a CO2 +n-decane
ixture or to develop an accurate scaling type equatio
Nagarajan and Robinson[18] reported experiment
apor–liquid equilibrium phase compositions and phase
ities (ρ′

S, ρ′′
S) for the CO2 +n-decane mixtures at two tem

eratures of 344.3 and 377.6 K and at pressures to the
al point. The phase compositions are in excellent agree
ith the data reported by Reamer and Sage[17], however, the
hase densities exhibit significant differences. In this c

he values of the critical density reported by Nagarajan
obinson[18] are substantially higher than values repo
y Reamer and Sage[17].

Recently Shaver et al.[21] reported liquid and vapor equ
ibrium phase compositions, phase densities, and inte
ensions for the CO2 +n-decane mixtures at 344.3 K. By u
ng an extrapolation technique, they derived the value
he critical parameters (TC, PC, andρC) for the composition
= 0.065 mol fraction of CO2. The phase densities measu
y Shaver et al.[21] and those of Nagarajan and Robin

18] show excellent agreement. However, fairly large
greement exists between these two data sets and th
f Reamer and Sage[17]. The liquid densities reported
haver et al.[21] are lower than those of Reamer and S

17] with the largest differences near the critical point.
iquid compositions reported by Shaver et al.[21] agree with
ll of the published data sets within 0.005 mole fraction C2
xcept those of Chou et al.[22]. The vapor phase compo
ions reported by Shaver et al.[21] are in good agreeme
ith those of Nagarajan and Robinson[18] at low pressure
ut differences near the critical point are about 0.006 m
raction CO2. The critical pressure reported by Shaver e
21] (PC = 12.714 MPa) is in good agreement with the va
PC = 12.741 MPa) derived by Nagarajan and Robinson[18]
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Table 1
Summary of the thermodynamic property measurements for CO2 +n-decane mixtures

First author Year Method Property Uncertainty Temperature (K) Pressure (MPa) Concentration
(mole fraction)

Reamer[17] 1963 VVP VLE (PTx) PVTx 0.01% (P),
0.05 K, 0.0039
m.f., 0.15–0.30%
(V)

278–510 up to 19 0–1

Nagarajan[18] 1986 VTD VLE (PTx) (ρ′
S, ρ′′

S) 0.5 kg m−3,
0.014 MPa

344.3 and 377.6 up toPC 0.13–0.93

Polikhronidi[20] 1997 HTHPAC PVTx 0.02 MPa, 0.01 K,
0.05% (ρ)

290–570 up to 25 0.178

Shaver[21] 2001 HPEC VLE (PTx) (ρ′
S, ρ′′

S) ±1.0 kg m−3,
±0.014 MPa,
±0.06 K, ±0.003
m.f.

344.3 up to 35 0.108–0.935

Chou[22] 1990 SEA VLE (PTx) 0.2 K,
0.2–0.5 MPa,
0.002–0.005 m.f.

290.25 and 377.55 4.1–15.5 0.315–0.999

Bufkin [23] 1986 – Solubility – – 1.3–8.6 –

HPEC, high pressure equilibrium cell; HTHPAC, high temperature, high pressure adiabatic calorimeter; SEA, static equilibrium apparatus; VVP, variable
volume piezometer; VTD, vibration U-tube densimeter; n.a., no uncertainty given in source reference.

but disagrees with the value (PC = 12.824 MPa) reported by
Reamer and Sage[17].

2. Experimental

The apparatus used for theCVX measurements of CO2 +n-
decane mixtures has been described previously[24–30]and
was used without modification. Since the construction of the
calorimeter and the experimental procedures has been de-
scribed in detail in several previous publications[24–30],
they will only be briefly reviewed here. The isochoric heat
capacities were measured with a high-temperature, high-
pressure, adiabatic, and nearly constant-volume calorimeter,
which offers an expanded uncertainty (k= 2) of 2% of the heat
capacity. The volume of the calorimeter, 105.126± 0.13 cm3

at atmospheric pressure and 297.15 K, is well-known as a
function of temperature and pressure. The calorimeter vol-
ume was determined by using measuredPVTdata for a stan-
dard fluid (pure water) with well-knownPVTvalues calcu-
lated with the IAPWS formulation[31]. Our uncertainty in
the determination of volume at anyT andP is about 0.13%.
The mass of the sample was measured by using a weighing
method with an uncertainty of 0.05 mg (or 0.005%). There-
fore, the maximum uncertainty in the measurements of den-
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sity ρ =m/V (P, T) is about 0.15%. The heat capacity was
obtained from measurements of the following quantities:m,
mass of the fluid;�Q, electrical energy released by the inner
heater;�T, temperature rise resulting from addition of an
energy�Q; andC0 is the empty calorimeter heat capacity.
The thermometer was calibrated on the ITS-90 scale. The
uncertainty of temperature measurements is 10 mK. A de-
tailed uncertainty analysis of the method (all of the measured
quantities and corrections) is given in several previous papers
[24–30]. In earlier work, Polikhronidi et al.[29] reported
the heat capacity of the empty calorimeterC0, determined
by using a reference substance (helium-4) with well-known
isobaric heat capacities (Vargaftik[32]), over a temperature
range up to 1000 K at pressures up to 20 MPa. The uncer-
tainty in theCP data used for calibration ofC0 is 0.2%[32].
A small energy correction related to the stretching of the cell
during heating was determined with an uncertainty of about
4.0–9.5% of the correction, depending on the density. The ab-
solute uncertainty inCV due to departures from full adiabatic
control is 0.013 kJ K−1. The combined standard uncertainty
related to the indirect character of theCV measurements did
not exceed 0.16%. Based on a detailed analysis of all sources
of uncertainties likely to affect the determination ofCV with
the present system, the combined expanded (k= 2) uncer-
tainty of measured heat capacity is 2%.
able 2
ummary of the critical property measurements for CO2 +n-decane mixtu

irst author Property Uncertainty inTC

measurements (K)
Un
me

eamer[17] TC, ρC, PC n.a. n.a
agarajan[18] TC, ρC, PC n.a. n.a
ulari [19] TC, ρC, PC ±(0.02–0.03) n.
olikhronidi[20] TC, ρC, PC ±0.2 ±0
haver[21] TC, ρC, PC n.a. n.a
urdial[50] TC, PC ±0.2 ±0
ty inPC

ents (MPa)
Uncertainty inρC

measurements (kg m−3)
Concentration range
(mole fraction)

n.a. 0–1
n.a. 0.930, 0.895
n.a. 0.004–0.028

±5 0.178
n.a. 0.935
– 0.003–0.023
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Heat capacity was measured as a function of tempera-
ture at nearly constant density. The calorimeter was filled
at room temperature, sealed off, and heated along a quasi-
isochore. Each run for the heat capacity was normally started
in the two-phase region and completed in the one-phase re-
gion at its highest temperature or pressure. This method en-
ables one to determine, with a good accuracy, the transition
temperatureTS of the system from the two-phase to a single-
phase state (i.e., to determineTS andρS data corresponding to
the phase-coexistence curve), the jump in the heat capacity
�CV, as well as reliableCV data in the single- and two-
phase regions[28,33,34]. The technique used to determine
the TS and ρS at the coexistence curve and of measuring
the heat capacityCV at this curve is the method of quasi-
static thermograms as described in detail in our previous
papers[28,33,34]. The method of quasi-static thermograms
makes it possible to obtain reliable phase transition tempera-
tures, including a critical temperature, with an uncertainty of
0.01–0.02 K.

To check the method and confirm the reliability of phase
transitions and critical point parameters by means of the
quasi-static thermogram technique, phase transition temper-
ature measurements were made on pure distilled water in
our previous study[30] with the same apparatus. We re-
ported measured values of a phase transition temperature
T
(
w em-
p ard
f s of
8 s to
c ch-
n pure
fl

3

r a
C
d uid)
3 ,
3 -
i
m se re-
g ues
o see
T r
( e
v e
a

the
m
d iso-
c s-
i

Table 3
Experimental values of the one-phase and two-phase isochoric heat capaci-
ties of the CO2 +n-decane mixture at near-critical densities

T (K) CVX (kJ kg−1 K−1)

ρ = 520.6 kg m−3

372.127 9.26
385.456 9.25
398.965 9.30
402.407 9.43
416.643 9.51
429.771 9.74
443.068 10.04
444.080 9.97
446.100 9.97
448.317 10.12
452.532a 10.22a

452.532a 8.74a

453.931 8.57
456.921 8.53
468.370 8.41
485.616 8.57

ρ = 466.9 kg m−3

371.678 9.21
395.503 9.17
419.373 9.62
443.270 9.97
461.876 10.70
471.107 10.54
473.447 11.04
475.099 11.00
475.099 9.13
476.942 9.08
477.523 8.90
479.381 8.99
479.651 8.89
479.072 9.01
495.902 8.69
514.066 8.96

ρ = 409.8 kg m−3

362.638 9.35
475.361 11.15
485.424 11.71
486.670 11.79
487.818 11.86
489.249 12.03
490.203 12.04
490.584 12.08
490.870 12.11
490.870 9.96
491.155 9.91
492.107 9.91
493.057 9.84
494.386 9.77
496.848 9.69

ρ = 372.8 kg m−3

476.264 11.28
481.772 11.51
487.530 11.73
493.437 12.05
499.304 12.68
500.057 12.70
500.434 12.82
500.904 12.88
501.187 12.96
S = 647.104± 0.003 K (run-1) andTS = 647.109± 0.003
run-2) for a near-critical filling density of 321.96 kg m−3,
hich are both in very close agreement with the critical t
eratureTC = 647.096 K adopted by the IAPWS-95 stand

ormulation[31]. An agreement for the two measurement
and 13 mK is within our estimated uncertainty and help
onfirm the reliability of the quasi-static thermogram te
ique to determine phase transition temperatures for
uids and mixtures.

. Results and discussion

Measurements of the isochoric heat capacity fo
O2 +n-decane mixture (x= 0.2633 mole fraction ofn-
ecane) were carried out on nine filling densities: (liq
58.9, 372.8, 409.8, 466.9, and 520.6 kg m−3; (vapor) 298.7
12.6, 328.9 kg m−3; and (critical) 344.7 kg m−3. The exper

mental temperature range was 362–577 K. In total, 156CVX
easurements are reported for the one- and two-pha
ions inTable 3. On the coexistence curve, a total of 18 val
f CVX andTS were measured close to the critical point (
able 4). The experimental one-phase liquid (C′

V1) and vapo
C′′

V1), two-phase liquid (C′
V2) and vapor (C′′

V2) data, and th
alues of temperature (TS) and density (ρS) at saturation ar
lso presented inTable 4.

Figs. 1 and 2depict the temperature dependence of
easured values of isochoric heat capacities for the CO2 +n-
ecane mixture. As shown in these figures, for each
hore, the heat capacityCVX rises with temperature increa

ng to a maximum at the phase transition temperatureTS,
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Table 3 (Continued)

T (K) CVX (kJ kg−1 K−1)

501.187 10.66
501.563 10.51
501.939 10.44
502.127 10.42
502.315 10.48
507.000 10.19
510.451 10.10
520.725 10.15

ρ = 358.9 kg m−3

475.779 11.29
484.081 11.65
495.144 12.13
503.066 12.80
503.816 12.97
504.379 13.08
504.942 13.20
505.316 13.36
505.316 11.01
505.460 10.89
506.054 10.78
506.252 10.58
509.426 10.37
510.078 10.25
513.889 10.25
525.868 10.10
537.340 9.97

ρ = 344.7 kg m−3

485.807 11.72
495.144 12.18
504.379 12.79
506.252 13.00
507.747 13.21
508.951 13.34
509.352 13.52
509.560 13.78
509.705 13.87
509.705 11.43
509.799 11.34
509.892 11.29
509.985 11.23
510.171 11.15
510.357 10.98
510.710 10.95
511.960 10.76
519.805 10.33
530.529 10.21
542.400 10.15
554.056 10.15

ρ = 328.9 kg m−3

507.000 16.74
507.560 13.06
508.120 13.06
513.147 13.54
513.332 13.62
513.704 13.71
514.260 13.91
514.445 13.95
514.445 11.25
515.001 10.99
515.371 10.96
515.927 10.94
516.297 10.89
522.014 10.45

Table 3 (Continued)

T (K) CVX (kJ kg−1 K−1)

522.565 10.48
531.529 10.42
539.873 10.30
550.661 10.23
560.819 10.30
567.900 10.18

ρ = 312.6 kg m−3

494.955 12.37
504.567 12.79
505.129 12.85
513.518 13.44
515.002 13.54
515.186 13.57
516.944 13.83
517.591 13.93
518.145 14.05
518.698 14.27
519.344 14.34
519.344 11.21
521.186 10.73
520.910 11.12
531.711 10.73
541.498 10.46
550.302 10.48
559.932 10.48
568.608 10.56
576.966 10.50

ρ = 298.7 kg m−3

494.575 12.50
505.877 13.02
513.704 13.42
522.197 14.13
522.749 14.30
524.034 14.48
524.584 14.58
525.685 14.99
525.685 11.17
526.051 11.12
526.600 10.98
546.358 10.79
556.264 10.83
566.663 10.83

x = 0.2633 mole fraction ofn-decane.
a One- and two-phase saturation points.

Table 4
Experimental values of the isochoric heat capacities (C′

V1, C′′
V1), tempera-

tures (TS), and densities (ρS) of the CO2 +n-decane mixture on the saturation
boundary

TS (K) ρ′
S (kg m−3) C′

V1 (kJ kg−1 K−1) C′
V2 (kJ kg−1 K−1)

452.53 520.6 8.74 10.22
475.10 466.9 9.13 11.00
490.87 409.8 9.96 12.11
501.19 372.8 10.66 12.96
505.32 358.9 11.01 13.36
509.71 (cr.) 344.7 (cr.) 11.43 13.87

TS (K) ρ′′
S (kg m−3) C′′

V1 (kJ kg−1 K−1) C′′
V2 (kJ kg−1 K−1)

514.45 328.9 11.25 13.95
519.34 312.6 11.21 14.34
525.69 298.7 11.17 14.99

x= 0.2633 mole fraction ofn-decane.
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Fig. 1. Experimental one- and two-phase isochoric heat capacities of the CO2 +n-decane as a function of temperature on near-critical liquid isochores. Dashed
lines are isochoric heat capacity jumps at the phase transition temperatures for each density.

and then drops discontinuously to a value corresponding to
that of the one-phase region. By changing the amount of
sample in the calorimeter, it is possible to obtain a com-
plete set ofCV1 and CV2 at saturation temperatures. As
Figs. 1 and 2show, along each isochore,CVX exhibits a
jump at the transition from a two-phase state (left of phase
transition temperatureTS) to a homogeneous one-phase state
(right of phase transition temperatureTS). Each jump mea-
surement (seeFigs. 1 and 2) is one point on the two dimen-
sionalTS–ρS phase boundary plane and supplies values for
one-CV1 and two-phaseCV2 heat capacities at this condi-
tion (at saturation temperatureTS). Thus, theCVX exper-
iment provides useful information about saturated proper-

F f the C2 +n- s. The
s acity ju

ties (TS, ρS, CV1, andCV2) near the critical point and, as
a result, the values of the critical properties (TC, ρC) of the
mixture. The isochoric heat capacities of pure components
(CO2 andn-decane) near the critical point were previously
reported by Abdulagatov et al.[14,15]and Amirkhanov et al.
[16]. The specific volume dependence of the two-phase iso-
choric heat capacities of the CO2 +n-decane mixture along
various near-critical isotherms is shown inFig. 3 together
with values ofCVX on the coexistence curve. In contrast to
the linear behavior observed for every pure fluid, the two-
phase isothermalCVX –V dependence for the binary mixture
CO2 +n-decane was observed to be a non-linear function
of V.
ig. 2. Experimental one- and two-phase isochoric heat capacities o
olid lines are guides for the eye. Dashed lines are isochoric heat cap
Odecane as a function of temperature on near-critical vapor isochore
mps at the phase transition temperatures for each density.
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Fig. 3. Experimental two-phase isochoric heat capacities of the CO2 +n-decane as a function of specific volume on near-critical isotherms. The solid lines are
guides for the eye. Dashed line is the saturation curve.

Fig. 4 illustrates the temperature dependence of the liq-
uid and vapor one- and two-phase isochoric heat capacity
of the CO2 +n-decane mixture at saturation near the criti-
cal point. As shown inFig. 4, which depicts the temperature
dependence of the one-phase (CV1–T curve) and two-phase
(CV2–Tcurve) at saturation, a break point (liquid–vapor criti-
cal point) was observed for the mixture. It is shown that while
CV1 andCV2 monotonically increases with temperature up to
the critical point, an abrupt change of the slope is observed at
the break point. At the transition from the liquid densities to
those of the vapor, both theCV1–T andCV2–T curves have a

F o-pha ction
o the ey

change of slope (break point). At this break point, the liquid
and vapor become identical, providing the temperature, den-
sity, and concentrations of the critical parameters of the mix-
ture. From our experimentalCVX and (TS–ρS) measurements
on the coexistence curve for CO2 +n-decane mixtures, we
have deduced the values for the critical temperatureTC and
the critical densityρC. Our results areTC = 509.71± 0.2 K,
PC = 15.37± 0.5 MPa, andρC = 344.7± 5 kg m−3, which
are in fair agreement with those dataTC = 510.01 K,
PC = 15.66 MPa, andρC = 353.1 kg m−3 reported by Reamer
and Sage[17] (seeFigs. 5–7) at nearly the same composition.
ig. 4. Experimental values of liquid and vapor one-phase (C′
V1, C′′

V1) and tw
f temperature near the critical point. The dashed lines are guides for
se (C′
V2, C′′

V2) isochoric heat capacities on the coexistence curve as a fun
e.
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Fig. 5. The critical temperatures of CO2 +n-decane mixtures as a function of concentration. The solid lines are guides for the eye.

Figs. 5–7show the present critical data and the curves (TC–x,
PC–x, andρC–x) data for CO2 +n-decane mixtures reported
previously by various authors. TheTC–PC critical locus for
CO2 +n-decane mixtures together with vapor pressure curves
for the pure components are depicted inFig. 8. As one can
see, the consistency between this work and published mea-
surements of the critical parameters is good, except a few data
points reported by Reamer and Sage[17] for the critical den-
sities at low concentrations ofn-decane. For a composition of
0.2633 mole fraction ofn-decane, the difference between the
present critical temperature and the data reported by Reamer
and Sage[17] is 0.3 K, an amount that is very close to their
uncertainty. Satisfactory agreement within 2.4% was found

a funct

between the critical density reported by Reamer and Sage
[17] and the present result for 0.2633 mole fraction. Satis-
factory agreement of 1.9% was found between the critical
pressure reported by Reamer and Sage[17] and the present
result.

In this work, closely spaced measurements were made in
the critical region and near every phase transition point, pro-
viding essential information for an accurate determination of
both the critical parameters and for saturated temperatures
and densities near the critical point.Figs. 9 and 10show
the measured vapor–liquid coexistence curve (TS–ρS) for the
CO2 +n-decane mixture which were determined fromCVX
experiments by using the method of quasi-static thermograms
Fig. 6. The critical pressures of CO2 +n-decane mixtures as
 ion of concentration. The dashed lines are guides for the eye[51].
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Fig. 7. The critical densities of CO2 +n-decane mixtures as a function of concentration. The dashed lines are guides for the eye.

[28,33] along with the vapor–liquid coexistence curves of
both pure components near the critical point calculated with
the Lemmon and Span[35] (n-decane) and Span and Wag-
ner[36] and (CO2) multiparameter equations of state. As one
can see fromFig. 10, the shape of the liquid–vapor coexis-
tence curve near the critical point for mixture is a dramatic
change from the flat top of the dome seen for pure fluids.
Additional information given inFigs. 9 and 10are the loci of
critical points. A very small, but noticeable, anomaly of the
liquid–vapor coexistence curve can be seen near the critical
point in theTS–ρS plane (seeFig. 9) that would be difficult to
detect by means ofPVTxexperiments alone. The shape of the
liquid–vapor coexistence curve near the critical point has two
inflection points, which bracket the critical point[37]. The

or pres r the eye.

critical point for this mixture does not coincide with the max-
imum temperature point, (∂TS/∂ρS)x �= 0, of the liquid–vapor
coexistence curve. This is why few investigations report this
anomalous behavior, which has been discussed from a theo-
retical perspective by Rainwater[37].

AsFigs. 9 and 10show, the agreement between the present
and published data is satisfactory, with deviations within
0.07–0.17%.

Comprehensive studies of the consequences of the isomor-
phism principle on the critical behavior of mixtures have been
presented by Anisimov and coworkers[38–41]. According to
the isomorphism principle, near-critical behavior of binary
fluids is controlled by two characteristic parametersK1 and
K2, which are determined by the slope of the critical locus.
Fig. 8. The critical locus of CO2 +n-decane mixture together with vap
 sure curves for the pure components. The dashed lines are guides fo



218 N.G. Polikhronidi et al. / J. of Supercritical Fluids 33 (2005) 209–222

Fig. 9. The experimental liquid and vapor densities at saturation for CO2 +n-decane fromCVX experiments (quasi-static thermogram technique).

The parameterK1 is responsible for strongly divergent prop-
erties such as the isothermal compressibilityKT and isobaric
heat capacityCP, while the parameterK2 controls the weakly
divergent properties like the isochoric heat capacityCV and
defines the range of Fisher renormalization of the critical ex-
ponents[42]. The parametersK1 andK2 are defined[43] by:

K1 = x(1 − x)

ρCRTC

[
dPC

dx
−

(
∂P

∂T

)c

ξ,ρ=ρC

dTC

dx

]
(1)

and

K2 = x(1 − x)

TC

dTC

dx
. (2)

Correspondingly, two characteristic temperature differences
τ1 andτ2 and two characteristic density differences�ρ̄1 and
�ρ̄2 are defined throughK1 andK2

τ1 =
[

Γ +
0 K2

1

x(1 − x)

]1/γ

, (3)

τ2 =
[

A+
0 K2

2

x(1 − x)

]1/α

, (4)

�ρ̄1 = B0τ
β

1 , (5)

a

�

w
t
B ic
h com-
p ents
f

[45]. In the dilute solution limit (x→ 0), the expression be-
tween the brackets in Eq.(1) forK1 reduces to the Krichevskii
parameterKkr [43,46,47]

Kkr = lim
X→0

(
∂P

∂x

)C

VCTC

,

(
∂P

∂x

)C

VCTC

=
(

∂Pc

∂x

)C

CRL
−

(
dPS

dT

)C

CXC

(
∂Tc

∂x

)C

CRL
(7)

F re
c

nd

ρ̄2 = B0τ
β

2 , (6)

here τ = (TC −T)/TC and �ρ = (ρC − ρ)/ρC. For CO2,
he asymptotic critical amplitudes[44] are A+

0 = 26.36,

0 = 1.708, andΓ +
0 = 0.056 of the power laws for isochor

eat capacity, the coexistence curve, and the isothermal
ressibility, respectively, and the universal critical expon

or CV areα = 0.112 and for the coexistence curveβ = 0.325

ig. 10. The coexistence curves for CO2 +n-decane mixtures and their pu
omponents. The dashed lines are guides for the eye.
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Fig. 11. The Krichevskii parameters of CO2 +n-alkane mixtures as a function of solute carbon number. The solid line is guides for the eye[52].

or, equivalently

(
∂P

∂x

)C

VCTC

=
[(

dPc

dTc

)C

CRL
−

(
dPS

dT

)C

CXC

] (
dTc

dx

)C

CRL
,

(8)

where values of the initial critical locus slopes for the
CO2 +n-decane mixture at infinite dilution (x→ 0) were de-
termined from the present and published (Reamer and Sage
[17], Nagarajan and Robinson[18] and Gulari et al.[19])
critical curve data to be dTC/dx|X→0 = 1274.53± 10 K,
dPC/dx|X→0 = 126.2± 3 MPa, and (∂PC/∂TC)CCRL =
0.1126 MPa K−1. In order to calculate the values of
dTC/dx|X→0 and dPC/dx|X→0 the present and published
experimental critical curve data for CO2 +n-decane mix-
ture were fitted to a polynomial type of function for the
critical temperatures and critical pressures as a function of
composition

TC(x) = TC(CO2) +
(

dTC

dx

)
x=0

x + T1x
2 + · · · , (9)

PC(x) = PC(CO2) +
(

dPC

dx

)
x=0

x + P1x
2 + · · · , (10)

whereTC(CO2) = 304.136 K andPC(CO2) = 7.3773 MPa are
t car-
b
w sol-
v res-
s f
t
K
r s
a alue
f his

figure shows, the present result for the CO2 +n-decane mix-
ture is consistent with the data reported by Roth[48] for other
CO2 +n-alkane mixtures, while the data reported by Furuya
and Teja[49] are systematically higher.

According isomorphism principle[38–42], along the crit-
ical isochore in the one-phase region, all properties of a bi-
nary fluid mixture will exhibit the same behavior as those of
a pure fluid in a range of temperaturesτ � τ1 andτ � τ2.
At τ2 < τ < τ1, properties that exhibit strong singularities in
one-component fluids (associated with the critical exponent
γ) will reach a plateau, however, weakly singular proper-
ties (associated with the critical exponentα) will continue
to grow. At τ < τ2, those properties that diverge weakly in
one-component fluids will be saturated and all critical expo-
nents will be renormalized by the factor 1/(1− α). In terms of
density, along the critical isotherm the behavior of all proper-
ties will be one-component-like at densities|�ρ̄| � ±�ρ̄1
(“−” for the ρ >ρC and “+” for theρ >ρC) and the Fisher
renormalization occurs at|�ρ̄|  ±�ρ̄2 [41]. At τ  τ2,
the isochoric heat capacity behavior of a binary mixture will
be renormalized by a factor 1/(1− α) (Fisher renormaliza-
tion [42]). In terms of density, along the critical isotherm the
behavior of isochoric heat capacity will be renormalized at
densities|�ρ|  �ρ2. The values ofK1, τ1, K2, τ2, �ρ1,
and�ρ2 calculated from Eqs.(1) to (6) for a CO2 +n-decane
m 17

2 en-
d
t n be
d n-
d -
a
d s
o tures
a s-
he critical temperature and the critical pressure of pure
on dioxide. The quantity (dPS/dT )CCXC = 0.1712 MPa K−1,
hich is the slope of the vapor pressure curve of the
ent (carbon dioxide), was calculated with the vapor p
ure correlation of Span and Wagner[36]. Substitution o
hese values of the derivatives into Eq.(7) resulted in a
richevski parameterKkr =−74.75± 5 MPa.Fig. 11shows

eported Krichevskii parameters for CO2 +n-alkane mixture
s a function of solute carbon number, together with our v

or the CO2 +n-decane mixture derived in this work. As t
ixture atx= 0.2633 are:−2.985, 2.1, 1.133, 2.4× 10 ,
.35, and 1.49× 106, respectively. The concentration dep
ence ofTC(x) is steep enough, dTC/dx|X→0 = 996.9± 10 K,

herefore, the renormalization of the critical exponents ca
etected for this mixture.Fig. 12shows concentration depe
ence of the characteristic temperatures (τ1, τ2) and char
cteristic density differences (�ρ̄1, �ρ̄2) for the CO2 +n-
ecane mixture (x= 0.2633 mole fraction ofn-decane). A
ne can see from this figure, the characteristic tempera
nd densities (τ2, �ρ̄2) change very sharply with an increa
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Fig. 12. Characteristic temperatures (τ1 andτ2) and densities (�ρ1 and�ρ2) as a function of the concentration ofn-decane. (—)τ2; (- - - - - -) �ρ2; (-·-·-·-·-·-)
τ1; and (-···-···-···-···-) �ρ1.

ing concentration ofn-decane, while the values of (τ1 and
�ρ̄1) change only very weakly. Values ofτ2 and�ρ2 are
very high for this composition. Therefore, measured in this
work temperaturesτ significantly lower thanτ2 (τ  τ2, ex-
perimentally accessible temperature range). This is means
thatCVX behavior which diverge weakly for pure CO2 (x= 0)
with exponentα = 0.12,CV ∝ τ−α, will be renormalized by
the factor 1/(1− α), CVX ∝ τα/(1−α). The isochoric heat ca-
pacity measurements for CO2 +n-decane mixture (x= 0.2633
mole fraction) reported in this work, along the critical iso-
chore, confirm Fisher renormalization of the critical exponent
for CVX (seeFig. 13). Fig. 13shows experimental logCVX

F e and e
a

for the CO2 +n-decane mixture and for the pure components
along their respective critical isochores as a function of logτ.
As this figure shows, the slopes of the logCVX − logτ curves
for the mixtures are almost zero, while for the pure compo-
nents the slopes are both very close to the scaling value of
0.112. This means that, when approaching the critical point
(τ → 0) along the critical isochore, the singular or fluctuation
part of the heat capacityCVX for the CO2 +n-decane mixture
is zero (CVX ∼ τα/(1−α)). Therefore, isochoric heat capacity
of the CO2 +n-decane mixture (x= 0.2633 mole fraction) at
the critical point behaves without any singularity. The be-
havior of the isochoric heat capacityCVX at the critical point
ig. 13. Isochoric heat capacities (logCVX ) of the CO2 +n-decane mixtur
symptotic regions. The solid lines are guides for the eye.
their pure components as a function of logτ on their critical isochores in th
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would be completely determined by the regular part (back-
ground term); therefore,CVX for this mixture is constant, at
the critical point, becauseCVX exhibits a finite cusp with an
infinite slope. The fluctuation-induced, analytic, background
contribution toCVX vanishes at the critical point of a mix-
ture. When composition of the mixture approaches the values
of the pure components (x→ 0 or x→ 1) the trends ofCVX
would sharply change to pure fluid behavior, while for any
other compositionCVX data exhibit mixture-like behavior
(renormalization of the critical exponent).

4. Conclusion

Isochoric heat capacities were measured for the (0.7367
mole fraction) CO2 + (0.2633 mole fraction)n-decane mix-
ture in a temperature range from 362 to 577 K, at nine near-
critical densities, namely: 298.7, 312.6, 328.9, 344.7 (crit-
ical density), 358.9, 372.8, 409.8, 466.9, and 520.6 kg m−3

by using a high-temperature, high-pressure, nearly constant
volume adiabatic calorimeter. The reported measurements in-
clude both the one-phase and two-phase regions, and the co-
existence curve near the critical point. Uncertainties of the
CVX and phase transition temperature measurements are es-
timated to be within 2% and 0.02 K, respectively. The values
o
c
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